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So far, excitonic luminescence in metal halide MH has extensively been studied by many workers,
with the interest not only in physics of excitons but also in its possible application in
optoelectronics. In the actual MHs, however, excitonic luminescence is so weak that it is beyond the
scope of applications. Here we report the rediscovery that inherent excitonic luminescence in MH
is dominated by a dramatically high light-emitting mechanism. This is demonstrated using improved
films of MH yielded by two simple, independent methods, both applicable to several MHs. For
example, improved CsPbCl3 and CuBr films exhibit more than 103–104 times stronger excitonic
luminescence than conventional films. Inherent excitonic luminescence in MH is promising for
applications in exciton-based light-emitting devices, particularly in shorter-wavelength devices than
the traditional, nonexcitonic ones because it is MH and only MH that includes many compounds
with large band gap and large exciton binding energies. © 2010 American Institute of Physics.
doi:10.1063/1.3374574
I. INTRODUCTION
Since the early pioneering works/developments of
GaAs-based light-emitting device—LED light-emitting di-
ode and LD laser diode—working in the infrared-red
IR-R region, there has been a great advance in materials
science and technology resulting in the production of devices
with ever-shorter wavelengths. Presently one is available to
commercially obtain GaN-based UV ultraviolet devices
both LED and LD, and at laboratory level even a purely-
AlN-based deep UV DUV-LED working at 210 nm has
been achieved.1 Further attempts to achieve shorter wave-
length devices are, however, no longer practical within
the framework of the traditional treatments of materials us-
ing inorganic covalent semiconductors because of the limit-
ing band-gap energy—the largest direct band gap is 6 eV
210 nm for AlN.2 In addressing the issue, researchers
would have to pay attention to metal halide MH because it
is MH and only MH that includes many compounds with
large band gap extending to even around 15 eV 83 nm
Ref. 3 for LiF, the largest in all the solids.
Excitonic luminescence is basically the most efficient
light-emission mechanism in solids. In inorganic covalent
semiconductors, however, the intensity of excitonic lumines-
cence is very weak at room temperature because of thermal
dissociation of the excitons. This is due to the smallness of
the binding energy of the excitons—even in GaN, the exciton
binding energy, Eb=20 meV,4 is smaller than exciton ther-
mal energy, kbT26 meV at room temperature. Therefore,
all the traditional light-emitting devices both LED and LD
rely on the nonexcitonic origin of the light-emission—for
example, the lasing in LD relies on the stimulated emission
originating from electron-hole plasma recombination, which
is only possible at very high excitation densities above Mott
density of electrons and holes—eventually necessitating the
sophisticated, expensive device-technologies. On the other
hand, many of MHs are characterized by a large exciton
binding energy enough for the excitons to be stable even at
room temperature. Their optical absorption is strongly en-
hanced by excitonic effects at the direct band gap, in great
contrast to the case of inorganic covalent semiconductors.
However, excitonic emission, i.e., excitonic luminescence, in
MH is not so strong despite the large oscillator strength of
the excitons due to defect-rich problems native to MH, ionic
compound. This is the main reason why MH has been be-
yond the scope of application in light-emitting devices de-
spite the large exciton binding energies. Therefore, it is of
great significance to improve excitonic luminescence in MH.
Since the beginning5 of 1990s, we have been the only
research group greatly interested in amorphization/
crystallization and the related phenomena of MH and have
found many characteristic aspects of MH. Among them, the
following two are particularly outstanding: the very sharp
crystallization behavior of amorphous MHs see, for ex-
ample, Ref. 6 and the tendency of solid-state chemical
interaction/reaction between MHs see, for example, Ref. 7.
They have allowed us to find simple methods methods 1
and 2, respectively for dramatically improving excitonic
photoluminescence PL in MH. In method 1, thermally-
induced crystallization of amorphous CsPbX3 X=Cl, Br;
Eb=65 meV and 34 meV, respectively films by shotlike IR
laser light irradiation8,9 fast, or instantaneous, crystalliza-
tion or by using a resistive heater10 slow crystallization
results in high-quality microcrystalline films, for which room
temperature excitonic stimulated emission is observed—this
aElectronic mail: shouwask@ybb.ne.jp.
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Naka-ku, Hamamatsu City, Shizuoka 430-8587, Japan.
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is the second X=Cl Ref. 11 and third X=Br Ref. 12
realization of optically-pumped room temperature excitonic
stimulated emission from inorganic materials ever reported
the first one is from ZnO;13 Eb=65 meV. In method 2,
film-substrate chemical interaction/reaction of the CuBr/KBr
Ref. 14 or CuCl/KBr Refs. 15–17 system CuBr or CuCl
film on KBr crystal generates extremely photoluminescent
crystallites of CuBr Eb=108 meV as compared with con-
ventional films of CuBr. In this paper, we report much more
advanced improvements and show them to have far-reaching
implications for potential applications in solid-state light-
emitting devices.
II. GENERAL DESCRIPTION OF METHODS
In both methods, the films including “conventional”
films, see below were deposited onto temperature-controlled
substrates silica-glass and 0001 Al2O3 in method 1; 001
KCl, 001 KBr and 001 KI in method 2 by thermal
evaporation in vacuum. The optical spectra PL, absorption
and reflection spectra of the films were all measured under
the same measurement geometry in situ, i.e., with the films
being held in the same vacuum chamber throughout all
the measurement processes including the film deposition
the measurement geometry is illustrated by Fig. 5 in Ap-
pendix A. PL was excited with the light from a 500 W
Xe-lamp, passing through a monochromator of intensity
70 W/cm2 for low-intensity excitation PL spectra in
Figs. 1–3 and N2-gas laser light wavelength, 337 nm;
power, 200 kW; pulse duration, 0.5 ns for high-density ex-
citation PL spectra in Fig. 4—all the PL spectra were cor-
rected for spectral sensitivity of the measurement system. To
achieve best-improved excitonic PL, we variously adjusted
the film-growth parameters, i.e., the deposition rate and the
substrate temperature during the deposition, and the postheat
treatment parameters heating rate, annealing temperature
and annealing time—the employed values of the parameters
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FIG. 1. Reference PL spectra of conventional films the insets, absorption
spectra. a CuBr—Zf and DA bands are due to free-exciton recombinations
and donor-acceptor pair recombinations, respectively. b CuCl—Z3 band is
due to free-exciton recombinations. The films thicknesses, d120 nm for
CuBr and d80 nm for CuCl were grown on Al2O3 substrates under op-
timum film-growth conditions parameters. PL was excited at 3.4 eV. In
both films, excitonic PL is fairly strong in intensity compared with those
reported earlier for films or bulk crystals. For details, see Ref. 16.
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FIG. 2. PL and related spectra at 77 K of an improved CsPbCl3 film. The film d37 nm was grown on an Al2O3 substrate by crystallization from the
amorphous phase via a very slow heating process, at a rate of 1 K/min in the temperature range from 280 to 333 K—during which a sharp crystallization
occurred abruptly at 302 K. a PL spectra excited at various photon energies indicated by the downward arrows. F and X bands are due to free-exciton
emission and its phonon replica, respectively, and RS band is due to exciting-light strays. b The integrated PL intensity in arb. unit vs excitation photon
energy open circles, and the absorptivity curve 1 and reflectivity curve 2 spectra. Eg represents the band gap. The correction for self-absorption loss see
c of the emitted light was made in the integration, and the correction for reflection loss curve 2 of the exciting light was made in the plot. c An example
of the PL spectrum before curve 1 and after curve 2 the correction was made using the absorption spectrum shown in b curve 1.
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for individual films are given in the figure legends of the PL
spectra.
Figure 1 shows the previous PL spectra of conventional
films16 of CuBr and CuCl, model compounds for studying
excitonic PL in MH. The PL intensity/efficiency was normal-
ized to the maximum PL intensity/efficiency of the “conven-
tional” CuBr film for details, see Ref. 16. In the present
paper this same normalization is used in the plot of the low-
density-excitation PL spectra Figs. 1–3 to compare PL
intensity/efficiency between different films.
III. IMPROVEMENT BY METHOD 1
While instantaneous crystallization within a few milli-
second by shotlike IR laser light irradiation of amorphous
CsPbCl3 films was effective for achieving high-quality mi-
crocrystalline films as mentioned above, we afterward, found
that the key importance in achieving best-improved films
was a well-controlled very slow crystallization and crystal
growth starting from the amorphous phase of the films. As
seen from Fig. 2a, free-exciton emission F band is ex-
tremely strong in intensity compared with exciting-light
strays RS band. This advanced result allows probably,
for the first time in semiconductor films to count integrated
PL intensities for all the excitation photon energies extended
from the above-band-gap to free-exciton-resonance energies
without suffering with the influence of exciting-light strays.
The integrated PL intensity plotted as a function of the exci-
tation photon energy almost coincides with the absorptivity
spectrum in the whole excitation-energy range Fig. 2b.
This indicates that all the electrons and holes excited by
the exciting lights form excitons and thus all the absorbed
photons create excitons—the films are free from the defects
that bound electrons and/or holes. Indeed, the integrated
intensity of F band excited at 3.15 eV was shown to be 103
times stronger than that of a conventional CsPbCl3 film
d78 nm grown under optimum conditions on a hot
Al2O3 substrate. It is considered that the majority of the ex-
citons decay radiatively exhibiting the extremely-enhanced
excitonic PL—the defects and strains responsible for the for-
mation of nonradiative-decay centers for excitons are consid-
ered to be dislodged from the crystallites during the very
slow crystallization and subsequent crystal growth. We sug-
gest other possible candidates of MH to which method 1 is
applicable include PbX2 and TlX with X ranging all the halo-
gens except TlF—their amorphous films show very sharp
crystallization behavior.
IV. IMPROVEMENT BY METHOD 2
A best-improved CuBr film could be fabricated by depo-
sition of CuCl onto a hot instead of the previous, room
temperature15–17 KBr substrate followed by postannealing
film-crystal chemical reaction at higher temperatures. Dur-
ing the deposition, a small fraction of the CuBr component is
already generated by film-substrate chemical reaction see
Fig. 3a. As seen from Fig. 3b, even this small fraction of
the CuBr component exhibits much stronger excitonic PL
than the CuCl component—also/nevertheless note that the
intensity of CuCl Z3 band is stronger by a factor of 4
than that of the conventional CuCl film shown in Fig. 1b—
despite the general recognition that excitonic PL in CuBr is
much weaker than in CuCl.18 The PL spectrum of the an-
nealed film CuBr film is only composed of a prominent
band, named A band, which we can now reasonably assign as
due to bound-exciton recombination for details, see Appen-
dix B, and Zf band, in great contrast to the previous
works,15–17 where, besides these bands, there appeared a
defect-induced “B band” at around 2.8 eV. At room tempera-
ture 295 K, A band disappeared leaving behind prominent
Zf band see dashed curve in Fig. 4b, whose integral
amounted to 23 000 times higher PL efficiency than that of
the conventional CuBr film shown in Fig. 1a—the PL quan-
tum efficiency at 295 K amounted to even more than one-
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FIG. 3. Absorption and PL spectra at 77 K of two thick and thin improved CuBr films. The thick film was fabricated by depositing CuCl d140 nm at
a rate of 10 nm /min onto a hot KBr substrate held at 350 K and by postannealing at 375 K for 15 min. The thin film was fabricated in the same way
d35 nm but with the KBr substrate held at a higher temperature 385 K and without postannealing. In a and b are shown the absorption and PL spectra
of the thick film, respectively, measured for the as-deposited solid curves and annealed dashed curves film. PL was excited at 3.4 eV. The broad emission
band at 3.1 eV is due to microcrystalline CuBr Ref. 15. In c are shown the PL spectra of the thin film, excited at various photon energies indicated by the
downward arrows—RS bands exciting-light strays are due to the KBr substrate. In d similar plots to those in Fig. 2b are given for the thin film.
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tenth that 0.63 at 77 K see Appendix C. PL spectra of a
thinner film, shown in Fig. 3c, only exhibit prominent A
band without showing Zf band. Using this present new data
we can now count integrated PL intensities for all the exci-
tation photon energies extended from the above-band-gap to
absorption-tail region, like the case of method 1. The result is
shown in Fig. 3d, which clearly demonstrates that the inte-
grated intensity plotted as a function of excitation photon
energy coincides with the absorptivity spectrum—all the ab-
sorbed photons create bound excitons.
High-density excitation spectra of the improved CuBr
film also now show dramatic enhancement of excitonic PL.
As seen in Fig. 4, all the spectra measured for the excitation
intensities 5 to 7000 kW /cm2 are composed of a single
band, so-called M band due to biexciton recombinations at
77 K Fig. 4a and H band due to exciton-electron colli-
sions at 295 K Fig. 4b, in dramatic contrast to hitherto
reported results for conventional CuBr single crystals,
where a complicated band of width 100 meV as com-
pared with the present 7 meV, see below due to superposi-
tion of several bands exciton and biexciton bands and other
bands is observed at 77 K throughout the whole range of
excitation intensity 4 to 5400 kW /cm2 Ref. 19 and H
band disappears above 235 K,20 the highest temperature for
which H band has been observed. Spectral narrowing occurs
for M band at around 610 kW /cm2 minimum width, 7
meV due to the effect of scattered stimulated emission—
the width of M band is determined as a result of the compe-
tition between the narrowing effect due to biexciton stimu-
lated emission and the broadening effect due to biexciton
effective temperature. The missing exciton band and the
near linier dependence of integrated PL intensity of M band
on excitation intensity n=1.1 in the inset in Fig. 4a cor-
respond to the limiting case of the theory of Knox et al.:21 in
the limit of the absence of nonradiative decay or dissociation
of thermal excitons, i.e., k=0 in Ref. 21, the intensity of
biexciton emission is proportional to the excitation intensity.
The conventional films and crystals of CuBr are con-
taminated by the Br− donor center and Cu+ acceptor cen-
ter ion vacancies, at which the majority of electrons and
holes, respectively, excited by the exciting lights decay non-
radiatively and only a part decay radiatively resulting in very
weak DA as well as Zf band. In the case of the improved
CuBr films, profitable film-substrate chemical reaction may
be mediated by high-quality KBr-crystal surroundings, into
which and out of which the Cu+ and K+ ions migrate, respec-
tively, thus generating high-quality CuBr crystallites free
from the Cu+ and Br− ion vacancies. The dynamics of the
migration is considered to be governed by the stronger
chemical affinities of the Cu+ and K+ ions for the Br− and Cl−
ions than for the Cl− and Br− ions, respectively, as reasonably
inferred from the fact that the melting points of CuBr and
KCl are higher than those of CuCl and KBr, respectively see
 & &  





 

1








	




+






 	 

$
7
*

 68#
 68#
 68#
 68#
 68#
 68#
 68#
 68#
 68#
5
5


   2










1








	
4( 
68#
 9 

-- '
 &    
 	 

 68#
 68# 
(#
- 68# 
(#
*




 

1








	




+





 :
& 6
+
FIG. 4. High-density-excitation PL spectra of the improved thick CuBr film,
whose low-density-excitation PL spectrum is shown in Fig. 3b, dashed
curve. a Spectral change as a function of excitation intensity at 77 K. b
PL spectra at 295 K plotted for several excitation intensities. For compari-
son, the low-density-excitation PL spectra are also plotted as the uppermost
curve in a and dashed curve in b—the maximum values of the curves
amount to 760 and 103, respectively, in unit of normalized PL intensity.
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FIG. 5. Measurement geometry.
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Table I. The vacancies-rich problem native to the conven-
tional CuBr films is thus solved by exploiting the advantages
of high crystallinity of the KBr crystals, although the de-
tailed structural dynamics is not clear at present.
To confirm the above explanation, we checked other
likely systems of CuCl/KI and CuBr/KI as inferred from
Table I, both of which could indeed yield excellent CuI
films showing dramatic improvement of excitonic PL an
example is shown in Fig. 6 in Appendix D. We also checked
the opposites, e.g., there occurred no chemical reaction in the
CuBr/KCl system.
V. CONCLUSION
So far, many workers have regarded CuCl as providing a
best-suited material for studying fundamental properties of
excitons in MH, in view of its strong excitonic PL due to the
large exciton binding energy, Eb=190 meV. But the im-
proved films of CsPbCl3 Eb=65 meV and CuBr Eb
=108 meV exhibit 103 or 104 times higher excitonic PL
efficiency than even this model material hitherto studied.
This discloses hitherto not-observed inherent excitonic lumi-
nescence in MH, demonstrating that inherent excitonic PL in
MH is dominated by a dramatically high light-emitting
mechanism. The finding of the two simple, independent
methods for the dramatic improvements, both applicable to
several MHs, suggests the possibility that excitonic lumines-
cence of even all MHs hitherto studied is greatly enhanced,
exhibiting inherent excitonic luminescence, by new, simple
methods of film preparation best suited to respective MHs.
Inherent excitonic luminescence in MH is promising for ap-
plications in new type of solid-state light-emitting device,
i.e., so-called “excitonic” device that has still not been real-
ized within the framework of the traditional material treat-
ments despite the wide variety of challenges, as presented in
Appendix E, where the possibility/advantage of using MH
for exciton-based light-emitting device is presented in some
detail.
VI. PERSPECTIVE
Recently there has been increasing interest/effort in de-
veloping DUV devices such as AlN-based1 and hexagonal
BN-based22 ones. The interest/effort is based not only on the
wide band gaps of the compounds but also on their strong
excitonic luminescence even at room temperature due to the
large exciton binding energies 80 meV Ref. 2 for AlN and
720 meV Refs. 23 and 24 for hexagonal BN—the latter
value is a theoretical estimate. Owing to the strong excitonic
luminescence, the development of the excitonic DUV de-
vices is under rapid progress see, for example, Ref. 25. In
the near future, the researchers will necessarily bend their
efforts to attain shorter-wavelength below 210 nm devices,
which would have potential applications in the broad field of
not only technical and industrial but also scientific activities.
The most promising candidate for the breakthrough to the
below-210 nm device may be the excitonic device based on
MH, whose excitons favorably have a tendency of increasing
binding energy with band gap for example, Eb=0.3 eV
Ref. 26 for CaF2 with the band gap 12 eV Ref. 27 for
CaF2, and Eb=1.0 eV with the band gap 15 eV for LiF
Ref. 3, and more importantly, without ones effort in im-
proving excitonic luminescence in MH, there would be no
breakthrough.
APPENDIX A: MEASUREMENT GEOMETRY
In the present work, all the measurements were carried
out in situ under the measurement geometry illustrated by
Fig. 5. The film is located at the center of the vacuum cham-
ber of a cryostat. The substrate is vertically attached to the
top of the temperature-controllable in the 77–500 K range
cold/hot finger of the cryostat and the finger can be rotated
on the vertical axis laid on the film surface. The spot of the
exciting light on the film was vertically 2 mm spaced out
from the spot of the proving light, and the film was exposed
to the lights only during the measurement time, i.e., the
charge-coupled device CCD integration time of fiber-
coupled CCD spectrometers used. The spot size for the ex-
citing light was 1.2 mm vertical length0.6 mm horizontal
length for low-intensity excitation and 0.10.1 mm2 for
high-density excitation, and that for the probing light was 0.4
mm diameter its 45° projection, strictly speaking. Such op-
tical configuration enabled to measure real-time absorption
spectrum to monitor film state during deposition and post-
annealing of the film, during which allowing the simulta-
neous measurement of real-time luminescence spectrum.
Absorptivity and reflectivity spectra, used to correct for self-
absorption loss and reflection loss, respectively, of lumines-
TABLE I. Melting points of cuprous and kalium halides.
Compound
Melting point
°C
CuCl 425
CuBr 504
CuI 605
KCl 776
KBr 748
KI 723
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FIG. 6. PL at 77 and 295 K vs absorption at 77 K, inset spectrum of a
CuBr/KI system.
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cence spectrum were both measured simultaneously at 22.5°
angle of incidence of the probing light the cold/hot finger
was so rotated.
APPENDIX B: ASSIGNMENT OF A BAND OF THE
IMPROVED CuBr FILMS
In Ref. 15 we associated A band with bound excitons on
the basis of the observation that the intensity of Zf band
increased with temperature below 120 K at the expense of
the A-band intensity. We now propose that the excitons are
bound to isoelectronic traps centered at Cl− ions substituted
for Br− ions. The reason is that 1 the electron affinity of Cl−
ion, 3.61, is higher than that of Br− ion, 3.36, 2 the CuBr
exciton can, due to its small radius of 1.6 nm and small
effective-mass-ratio of me /mh0.2, be regarded as a small
particle clothed with an electron cloud, and, therefore, can be
bound to the Cl− ion isoelectronic donor via the electron-
affinity-based short-range interaction, and 3 the exciton
bound to the isoelectronic trap is free from Auger-type non-
radiative decay processes because the whole system com-
posed of the trap and the exciton does not have a third par-
ticle other than the electron and hole forming the exciton,
and, therefore, can decay radiatively resulting in strong lu-
minescence A band. The mechanism of the “excitonic”
trapping is different from the well-known case frequently
observed for covalent semiconductors of weak exciton bind-
ing energy, where first an electron or hole and second the
hole or electron is trapped in sequence due to short-range
electron affinity and long-range Coulomb attraction, re-
spectively, leading to the formation of a strongly-localized
electron-hole pair exciton on the trap. Presumably, during
the chemical reaction between CuCl film and KBr sub-
strate, the traps are formed at and/or around the boundaries
between generated KCl and CuBr crystallites—a compli-
cated or topological KCl-CuBr interface with large area
formed along the sequence of the boundaries results in a
wide and high-density distribution of the isoelectronic traps,
thus causing prominent, wide A band for both thick and thin-
ner films and missing Zf band for the thinner film.
APPENDIX C: DETERMINATION OF IN SITU PL
QUANTUM EFFICIENCY
In situ PL quantum efficiency of films was determined
from the ratio of the integral of the normalized PL effi-
ciency spectrum which was calculated from PL spectrum
using absorption and reflection spectra, see Ref. 16 to the
integral of the quantum distribution spectrum of the scattered
excitation-light from a 99% diffuse-reflector placed just at
the film position, in a first approximation assuming that the
directional distribution of the light intensity was the same for
both the PL spectrum and the scattered excitation-light
spectrum—the assumption is reasonable in a first approxima-
tion in view of the polycrystalline nature of the films see
Appendix B. In the case of the annealed film the CuBr film
whose PL spectra are shown in Figs. 3b and 4, the in situ
PL quantum efficiency was determined to be 0.63 at 77 K
and 0.05 at room temperature 295 K. The relatively large
decrease in the efficiency at 295 K despite the large exciton
binding energy 108 meV of CuBr is not only due to ther-
mal dissociation of the excitons but also due to self-
absorption loss—self-absorption loss is strongly dependent
on optical density at the excitation-light photon energy as
well as on film thickness. The correction for self-absorption
loss indeed resulted in the value internal PL quantum effi-
ciency of 0.09 at 295 K also see, for example, Ref. 14,
where it is shown that self-absorption loss becomes very
small with the decrease in film thickness below 100 nm.
These values of quantum efficiency are not very small even
as compared with those 0.1 of mature organic light-
emitting materials used in organic LEDs OLEDs men-
tioned in Appendix E.
APPENDIX D: A CHECK ON THE CuBr/KI SYSTEM
A CuBr film d48 nm was deposited at a rate of
10 nm /min onto a room temperature KI substrate and
subsequently annealed at 340 K for 20 min. The resulting
film contains CuBr and CuI Eb=62 meV components of
nearly equal fractions as seen from the absorption spectrum
in Fig. 6, where the CuI component exhibits the first exciton
band at 3.06 eV; the doublet structure comes from the
effect of thermal strain28 of nearly the same intensity as that
of the CuBr component. However, in the PL spectra, which
were excited at 3.4 eV at which the optical density of the
film was 0.3, bands such as DA and Zf bands characteristic
of the conventional CuBr film see, Fig. 1a are completely
obscured by the huge bands free-exciton, A and B bands of
the CuI component. At room temperature, A and B bands
disappear leaving behind a prominent free-exciton band of
CuI, like in the case of the previous, CuCl/KBr system see,
for example, Fig. 4 in Ref. 17.
APPENDIX E: POSSIBILITY/ADVANTAGE OF USING
MH FOR EXCITONIC LIGHT-EMITTING DEVICE
Crystals of MH are thermally unstable compared with
those of traditional covalent semiconductor because of a
weaker chemical-bonding scheme for the former ionic
bond than for the latter covalent bond. This is unfavorable
for using MH as active material for light-emitting devices.
However, it is important to note that thermal stability of MH
is still much higher than that of organic semiconductor used
as active material for various OLEDs. In OLED, the tradi-
tional approaches are not practical because of very poor ther-
mal stability of organic semiconductor see, for example,
Ref. 29. Additionally, organic semiconductor has several
other drawbacks such as very low electron/hole mobility
see, for example, Ref. 30, and poor resistance to light irra-
diation see, for example, Ref. 31, ambient humidity see,
for example, Ref. 32 and oxygen penetration in air see, for
example, Ref. 32, depending on the chemical species. How-
ever, recent developments of a variety of inexpensive versa-
tile OLEDs, which work in the visible V region, have
overcome the drawbacks by employing simple current-
injection architectures and simple material treatments. The
realization of OLED solely relies on strong excitonic PL in
organic semiconductor PL quantum efficiency 0.1 due to
their large exciton binding energies, typically on the order of
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0.2 to 1.4 eV.33 A most probable realization of MH-based
device, relying on the highly light-emitting mechanism of
inherent excitonic luminescence in MH, may be based on
developments of new, simple device architectures and new,
simple material treatments suited to MH, like in the case of
inexpensive OLED. O’Reilly et al.34 were indeed success-
ful in achieving a simple metal-insulator-semiconductor
MIS-type LED structure using a conventional CuCl film
as an active layer, for which excitonic emission was detected
together with band-edge emission, though very weak in
intensity.
Next, we consider possibilities of realizing MH-based
exciton laser excitonic counterparts of LD. So far, many
workers have attempted to realize exciton lasers using ZnO
Eb=60 meV. The efforts for the realization are based on
the anticipation that the threshold for lasing of excitonic ori-
gin is more than two orders of magnitude smaller than those
in traditional LDs.35 A first realization of ZnO-based exciton
laser has recently been reported by Ryu et al.,36 although it is
given a comment in a subsequent issue.37 The final goal of
ZnO-based exciton laser is the fabrication of UV-LD with
much lower production costs than those of GaN-based ex-
pensive UV-LD. On the other hand, presently a wide variety
of challenges of realizing organic exciton laser, generally
called electrically pumped organic laser, are made by many
workers, with the expectation for its variety of inexpensive
versatile utilities compared to those of traditional LD. Or-
ganic exciton lasers can be viewed as four levels lasers38
and, therefore, the lasing threshold is expected to be much
lower than that for conventional LDs. However, any type of
electrically pumped organic exciton lasers has not been re-
alized the well-known, first realization of an organic exciton
laser, so-called tetracene laser, reported by Schön et al.39 was
retracted afterwards—no one could replicate the work. The
difficulty of realizing organic exciton laser is not only due to
difficulty in driving a high current but also due to the prob-
lem of exciton dissociation40 occurring in the active layer
due to a high density of electrons/holes injected by the cur-
rent therein. This is somewhat similar in physics to exciton
dissociation occurring in conventional LD at electron/hole
densities above Mott density.
On the other hand, MH has material advantages over
organic semiconductor in several respects including thermal
stability as mentioned above. In addition, under high-density
but below Mott density excitation, MH shows new light-
emission phenomena related to excitons, such as biexciton
recombination and various inelastic collisions exciton-
exciton, exciton-electron, exciton-biexciton, and biexciton-
biexciton collisions, unlike the case of organic semiconduc-
tor. These phenomena are important sources of stimulated
emission41 and, therefore, can be exploited for realizing MH-
based exciton laser. In the case of the improved CuBr film,
the high-density-excitation PL spectra are solely composed
of a single band originating from biexciton recombination at
77 K and exciton-electron collisions at room temperature
Fig. 4. Realization of exciton laser based on inherent exci-
tonic luminescence in MH might be easier than realizing
organic exciton laser V-LD, and, moreover, be capable of
reaching a similar goal inexpensive UV-LD to that of the
ZnO-based exciton laser. In addition, MH-based exciton la-
ser provides the only possible candidate for LD capable of
working in the vacuum ultraviolet region VUV-LD. In the
field of short-wavelength solid-state light-emitting devices,
the ultimate challenge may be the realization of LiF-based
exciton laser. We are challenging to realize exciton laser us-
ing the improved CsPbX3 X=Cl,Br films to explore new
architecture of MH-based exciton laser. We have achieved
optically-pumped room temperature stimulate emission from
even the previous less-improved films.11,12 The stimulated
emission originates from exciton-exciton inelastic collisions
P emission, which can be viewed in a four level laser
scheme,41 which is favorable for realizing exciton laser.
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